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Increased FUs levels in astrocytes 
leads to astrocyte and microglia 
activation and neuronal death
Maria Antonietta Ajmone-Cat1, Angela onori2, Camilla toselli2,6, eleonora stronati2, 
Mariangela Morlando2, Irene Bozzoni2,6, emanuela Monni3, Zaal Kokaia3, Giuseppe Lupo  4, 
Luisa Minghetti  5, stefano Biagioni2,6 & emanuele Cacci  2
Mutations of Fused in sarcoma (FUs), a ribonucleoprotein involved in RNA metabolism, have been 
found associated with both familial and sporadic cases of amyotrophic lateral sclerosis (ALs). Notably, 
besides mutations in the coding sequence, also mutations into the 3′ untranslated region, leading 
to increased levels of the wild-type protein, have been associated with neuronal death and ALs 
pathology, in ALs models and patients. the mechanistic link between altered FUs levels and ALs-
related neurodegeneration is far to be elucidated, as well as the consequences of elevated FUs levels 
in the modulation of the inflammatory response sustained by glial cells, a well-recognized player in 
ALS progression. Here, we studied the effect of wild-type FUS overexpression on the responsiveness 
of mouse and human neural progenitor-derived astrocytes to a pro-inflammatory stimulus (IL1β) used 
to mimic an inflammatory environment. We found that astrocytes with increased FUS levels were 
more sensitive to IL1β, as shown by their enhanced expression of inflammatory genes, compared 
with control astrocytes. Moreover, astrocytes overexpressing FUS promoted neuronal cell death and 
pro-inflammatory microglia activation. We conclude that overexpression of wild-type FUS intrinsically 
affects astrocyte reactivity and drives their properties toward pro-inflammatory and neurotoxic 
functions, suggesting that a non-cell autonomous mechanism can support neurodegeneration in FUs-
mutated animals and patients.
Fused in sarcoma (FUS) or translocated in liposarcoma (TLS) is an ubiquitously expressed protein belonging to 
the family of heterogeneous nuclear ribonucleoproteins, continuously shuttling between the nuclear and cyto-
plasmic compartments, involved in pre-mRNA splicing, mRNA stability, and mRNA transport1–3.
FUS mutations have been identified in 4% of familial and 1% of sporadic amyotrophic lateral sclerosis (ALS) 
cases4–6. Moreover, FUS mutations are also associated with the ALS-related disorder frontotemporal dementia7.
Several mutations (e.g. FUS P525L, FUS P525R) affecting the C-terminus, lead to disruption of the nuclear 
localization signal, cause accumulation of FUS in the cytoplasm8, and are associated with a very aggressive and 
precocious form of ALS9. Of importance, mutations in the 3′ untranslated region (3′ UTR) of FUS, causing eleva-
tion of FUS in the wild-type (WT) configuration, have also been identified in a subset of ALS patients10,11.
Studies in different animal models indicate that increased expression of WT-FUS induces neurodegenera-
tion12. In accordance with findings in yeast and drosophila12–15, overexpression of human WT-FUS in mice causes 
an aggressive ALS phenotype, with progressive neuron degeneration and astrogliosis16, suggesting that the excess 
of WT-FUS is toxic for motorneurons (MNs). Mechanisms by which overexpression of WT-FUS causes motor 
neuron degeneration remain to be elucidated.
Several lines of evidence suggest that MN degeneration results from the combination of cell intrinsic MN 
vulnerability17,18, and the toxic effects of inflammatory response during disease progression19,20. Astrocytes 
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and microglia influence the progression of neurodegeneration in both ALS patients and mouse models of the 
disease21–29.
Gliosis with increased production of potentially harmful inflammatory mediators, including interleukin 1β 
(IL1β), tumour necrosis factor α (TNFα), interleukin 6 (IL6), prostanoids, and reactive oxygen species (ROS), 
was reported in the spinal cords of ALS patients19. In addition, upregulation of the transcription factor NF-kB, a 
master regulator of inflammation, was found in glial cells of both familial and sporadic ALS patients30–32.
FUS is involved in the pathogen responses in dendritic cells33 and it was shown to interact with NF-kB, specif-
ically the p65 subunit34, suggesting that mutation disrupting FUS sequence or levels may affect this pathway and 
the immune function of specialized cells.
The link between neuroinflammation and MN degeneration has been extensively explored in different ALS 
subtypes, but represents a novel, almost unexplored issue, in relation to FUS.
Here, we analyzed the effects of elevated levels of WT-FUS on astrocyte functional properties, focusing on 
their response to a pro-inflammatory stimulus, and on their cross-talk with microglia and neuronal cells. We 
used mouse and human neural progenitor cells isolated from fetal spinal cord (mNPsc or hNPsc, respectively), 
to generate astrocytes expressing increased levels of WT-FUS, under the control of a doxycycline-inducible pro-
moter. We found that several genes, including IL6, TNFα, prostaglandin-endoperoxide synthase 2 (PTGS2), and 
related proteins or metabolites were more abundantly expressed in astrocytes overexpressing FUS, and stimu-
lated with IL1β, indicating increased reactivity to this pro-inflammatory cytokine in comparison with control 
astrocytes. Furthermore, conditioned medium from cultured astrocyte-like cells overexpressing FUS potentiated 
pro-inflammatory microglia activation and increased neuronal cell death. Our data indicate that FUS upregu-
lation modulates the expression of several inflammatory genes, possibly through NF-kB activation, and confers 
neurotoxic potential to astrocytes in vitro.
Results
Establishment of FUS-overexpressing astrocyte-like cells of spinal cord origin, and assessment 
of exogenous FUS localization within cell compartments. To investigate the functional conse-
quences of WT-FUS overexpression in spinal cord astrocytes, we took advantage of the well-characterized model 
of mNPSC that can be efficiently differentiated into astrocyte-like cells, when treated with the morphogen BMP-4, 
as previously described by us and others35–40. The astrocytic differentiation under these conditions is further cor-
roborated by the up-regulation of typical astrocyte differentiation markers, such as GFAP, S100b, Aquaporin-4, 
FGF3 and Etv5, upon BMP-4 treatment, as reported in Supplemental Fig. 1.
mNPsc were engineered with plasmids allowing for the expression of human WT-FUS under doxycycline 
(Dox) control41, and differentiated into astrocyte-like cells by adding 25 ng/ml BMP-4 for 6 days, in the presence 
or in the absence of the selected dose of 50 ng/ml Dox (see Materials and Methods for details).
The transgenic protein, identified by immunostaining with an anti-Flag antibody, was mainly localized within 
nuclei, and its expression was tightly dependent on Dox treatment (Fig. 1A). The overexpression of the WT form 
did not significantly alter its subcellular localization.
As shown by Western blot, WT-FUS cells, administered with Dox for 48 and 72 hrs, showed a time-dependent 
increase of FUS levels of about 2.5- and 6-folds, respectively, compared to non-induced cells (Fig. 1B,C; see also 
Supplemental Fig. 2 for the original blot).
Elevation of WT-FUS modulates the expression of several inflammatory genes and increases 
NF-kB activation in response to IL1β. In order to analyze whether FUS overexpression determined 
astrogliosis, even in the absence of an inflammatory stimulus, we analyzed the accumulation in the culture media 
of relevant inflammatory proteins/metabolites usually upregulated in the inflammatory activation state. We 
focused on the free radical nitric oxide (NO), produced by the inducible enzyme iNOS, PGE2 - a major prostanoid 
produced by the inducible enzyme PTGS2 during brain inflammation42 -, and the pro-inflammatory cytokines 
TNFα and IL6, which have been found dysregulated in vivo in ALS mouse models and patients29,43.
In the culture media of WT-FUS overexpressing cells, the four metabolites (i.e. nitrite -taken as an index 
of NO production-, PGE2, TNFα, and IL6) remained under the detection limit of the specific assays used (see 
Methods section for details on the assays), as in the media of control cultures (−Dox), suggesting that elevated 
FUS levels did not change their basal expression (not shown).
To assess whether FUS overexpression changed the reactivity of astrocytes to a typical inflammatory stimulus, 
the cells were exposed to the pro-inflammatory cytokine IL1β, at the dose of 10 ng/ml for 24 hrs. mRNA expres-
sion analyses on cell extracts and metabolite specific assays on culture media were then performed. The dose of 
IL1β was selected based on the current literature, as the optimal dose to achieve astrocytes activation44–46.
As expected, following exposure to IL1β, all transcripts analysed by RT PCR on RNA cell extracts (iNOS, 
PTGS2, TNFα, and IL6) were upregulated in −Dox cultures (−Dox + IL1β), compared to unstimulated cultures 
(−Dox − IL1β) (Fig. 2A–D). As shown in panels B–D, their mRNA levels were further upregulated in WT-FUS 
overexpressing cells (+Dox + IL1β), with the exception of iNOS mRNA (panel A), whose induction was lower 
than in non-overexpressing cells (−Dox + IL1β).
Notably, a control RFP inducible cell line treated with Dox (+Dox + IL1β) (Supplemental Fig. 3), showed the 
same response to IL1β than non-induced cells (−Dox + IL1β), confirming the specific effect of FUS overexpres-
sion on gene regulation described in Fig. 2.
In accordance with mRNA data, PGE2 levels in the culture media of WT-FUS overexpressing cells (+Dox) 
were higher than in −Dox cultures (Fig. 2E), as assessed by a specific EIA assay.
ELISA analysis showed that IL1β stimulation also caused IL6 increase in the culture media of +Dox cells with 
respect to −Dox cultures (Fig. 2F), in accordance with the upregulation of the mRNA levels of the cytokine.
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As concerns TNFα and nitrite, their levels in culture media were near the limit of detection in all conditions, 
irrespectively from FUS induction and IL1β stimulation (not shown).
To deepen the analysis of astrocyte reactivity to IL1β upon FUS overexpression, we used the TaqMan array for 
mouse immune response, which allows simultaneous detection of the expression of 92 target genes from immune 
system functions that fall into 9 classes: Cell Surface Receptors; Stress Response; Oxidoreductases; Proteases; 
Transcription Factors; Signal Transduction; Cytokines and Cytokine Receptors; Chemokines and Chemokine 
Receptors; and Cell Cycle and Protein Kinases.
Inflammatory gene expression was compared between astrocyte-like cells overexpressing WT-FUS (+Dox) 
and control cells (−Dox), both stimulated with 10 ng/ml ILβ in the last 24 hours of differentiation with BMP-4. 
We found that that 45% of the genes were unchanged (41 genes), 37% expressed under the limit of detection 
(34 genes), 14% were upregulated (13 genes) and 4% down regulated (4 genes). Some of the unchanged genes 
showed relevant changes in their expression, though just missing significance (e.g. Cd68 3.4 ± 1, Cd80 8.5 ± 2.8, 
Sele 2.5 ± 0.5, Ly96 2.2 ± 0.4 fold change vs. −Dox). 18% of the analysed genes were significantly dysregulated 
(up- or down-regulated). In accordance with data presented in Fig. 2B–D, the upregulated genes included PTGS2 
(also known as COX-2), and the pro-inflammatory cytokines IL6 and TFNα. In addition, we found significant 
upregulation of the pro-inflammatory cytokines IL5, IL7, and IL15, and of colony stimulating factor 2 (CSF2), 
CD38, FN1, H2-Eb, Lrp2. Among the downregulated genes, besides iNOS (also known as nitric oxide synthase 2), 
as already shown in Fig. 2A, we found C-C Motif Chemokine Receptor 2 (Ccr2), C-X-C Motif Chemokine Ligand 
10 (Cxcl10), and Selp (Table 1).
It has been shown that FUS can interact with the p65 subunit of the transcription factor NF-kB, crucially 
involved in the regulation of inflammatory genes in glial cells, and activates NF-kB-mediated transcription in the 
human embryonic kidney 293-cell line34.
On these bases, as a possible mechanistic link for the increased reactivity of FUS overexpressing astrocytes to 
IL1β, we analysed whether FUS overexpression enhanced NF-kB activation in mNPsc-derived astrocytes.
Figure 1. Expression of FUS in NP-derived astrocytes. mNPsc electroporated with plasmids allowing for 
the conditional expression of human WT-FUS were maintained for six days in the presence of astrocyte 
differentiation medium supplemented with or without doxycycline (Dox) and then fixed and stained. (A) 
Exogenous FUS, identified by an anti-FLAG antibody, was localized in the nucleus (WT-FUS) only in cells 
exposed to Dox. Similar staining profile was obtained by using an antibody recognizing both endogenous 
and the exogenous FUS (anti-FUS antibody). Scale bar 30 μm. (B,C) Representative blot and quantification of 
relative FUS levels at 48 and 72 hrs upon doxycycline stimulation. The bar graph shows a significant increase 
of FUS expression in induced cells (+Dox) compared to control cells (−Dox). The band observed in the lanes 
−Dox reflects endogenous FUS expression. Values are expressed as the mean of two independent experiments. 
FUS levels are normalized with respect to β-actin.
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Cells were differentiated into astrocytes for 6 days as above, and stimulated during last 45 min with 10 ng/
ml IL1β (+Dox + IL1β). p65 activation, assessed by an ELISA-based assay, was increased in +Dox + IL1β cells 
as compared to −Dox + IL1β control cells (Fig. 2G), suggesting that FUS overexpression potentiates the NF-kB 
activation pathway elicited by IL1β.
FUS overexpression in human astrocyte-like cells increases the expression of inflammatory 
genes. We extended our analyses to astrocyte-like cells of human origin to validate the data obtained from 
Figure 2. Regulation of inflammatory genes and related proteins/metabolites in IL1β-activated murine WT-
FUS overexpressing astrocytes and relative controls, and determination of NF-kB p65 activation. (A–D) RT 
PCR analyses of iNOS (A), TNFα (Β), PTGS2 (C) and IL6 (D) mRNA expression upon IL1β stimulation in 
cultures treated or not with Dox, relative to unstimulated cells (−Dox − IL1β). Data show that TNFα (Β), 
PTGS2 (C) and IL6 (D) mRNA relative expression upon IL1β stimulation is higher, and that of iNOS (A) 
lower, in cells overexpressing WT-FUS (+Dox + IL1β), compared to non-overexpressing cells (−Dox + IL1β). 
Data are means ± SEM, n = 3–6, *P < 0.05 vs. −Dox + IL1β. (E,F) PGE2 and IL6 were quantified by EIA and 
ELISA assays, respectively, in the conditioned media collected from astrocyte-like cells differentiated in the 
presence or in the absence of Dox for 6 days and stimulated in the last 24 hrs with IL1β. In accordance with gene 
expression data, PGE2 and IL6 levels were higher in cells overexpressing WT-FUS (+Dox + IL1β) than in non-
overexpressing cells (−Dox + IL1β). Data are means ± SEM, n = 3, *P < 0.05 and **P < 0.005 vs. −Dox + IL1β; 
(G) NF-kB p65 activation, assessed by NFkB p65 ELISA-based kit on whole cell lysates, was increased in 
astrocyte-like cells overexpressing WT-FUS and treated with IL1β for 45 min before collection (+Dox + IL1β). 
Data are expressed as the percentage of activation respect to control cells (−Dox + IL1β) and are means ± SEM, 
n = 5, *P < 0.05.
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mouse NPsc-derived astrocytes and strengthen their relevance. We generated a human NP line (hNPsc), isolated 
from fetal spinal cord, and modified the cells to overexpress WT-FUS under Dox control.
hNPsc displayed mainly bipolar or multipolar morphology (Supplemental Fig. 4A) and under expansion con-
ditions expressed typical neural markers, such as Sox2 and Nestin (Supplemental Fig. 4B,C, respectively), while 
the expression of GFAP was undetectable in the majority of the cells (Supplemental Fig. 4D). Growth factor 
removal and administration of BMP-4 induced the expression of the astrocyte marker GFAP in about 70% of cells 
at 7 days (Supplemental Fig. 4E). hNPsc were also differentiated by removing growth factors; under this culture 
conditions around 20% of the cells showed neuronal morphology and expressed the neuronal marker MAP2 after 
7 days (data not shown). Altogether, these data demonstrate that hNPsc are multipotent.
FUS levels increased under both proliferating or differentiating conditions upon Dox administration (+Dox) 
compared to control cells (−Dox), as shown in Supplemental Fig. 5.
To assess the effects of FUS overexpression on the reactivity of hNPsc-derived astrocytes to IL1β, cultures 
were treated with the cytokine for 24 hrs and the mRNA levels of IL6, PTGS2, and iNOS were then analysed by 
RT-PCR. Representative images of IL1β treated cultures are shown in Fig. 3A. RT-PCR analysis demonstrated 
that, following 24 hrs of IL1β stimulation, the mRNA levels of IL6 and PTGS2 were higher in FUS-overexpressing 
hNPsc-derived astrocytes when treated with Dox (+Dox) as compared to untreated cells (−Dox) (Fig. 3B,C). 
These data are suggesting that, similar to what is observed in mouse cells, increased FUS levels enhance astrocyte 
reactivity. As for iNOS, its mRNA levels were not significantly modified between +Dox and −Dox conditions 
(Fig. 3D), most likely reflecting the different regulation of this gene in human cells as compared to mouse cells47.
Conditioned medium from mouse astrocyte-like cells overexpressing WT-FUS reduces neu-
ronal cell number and increases cell death. To assess whether FUS overexpressing astrocytes, showing 
enhanced production of inflammatory potentially neurotoxic molecules in response to IL1β, can damage neurons 
we assessed the effects of their conditioned media (CMs) on differentiated cultures.
Non-transgenic mNPsc were first differentiated for 10 days under culture conditions effective for the gen-
eration of neuronal cells, as previously described by us and others39,48; see also Materials and Methods). 
Differentiated cultures were then shifted in CMs obtained from 6 days differentiated astrocytes, grown in the pres-
ence (CM + Dox) or in the absence of Dox (CM − Dox) and stimulated with 10 ng/ml IL1β in the last 24 hrs (see 
Materials and Methods for details). As shown in Fig. 4, CM + Dox + IL1β treated cultures showed a significant 
reduction in the percentage of MAP2 (Fig. 4A,B) and an increase of activated Caspase-3 positive cells (Fig. 4B) 
as compared to CM − Dox + IL1β condition. To directly assess whether Caspase-3 activation was occurring in 
neuronal cells, CM-treated cultures were double stained for the neuronal marker βIII tubulin and Caspase-3 
(Fig. 4C). Similarly to what observed for MAP2, the percentage of βIII tubulin positive cells was decreased in 





Ccr2 0.27 ± 0.03
Cd38 15 ± 2.7
Csf2 11.9 ± 2.5
Cxcl10 0.5 ± 0.05
Fn1 4 ± 0.4
H2-Eb1 2.5 ± 0.3
Icos 2.5 ± 0.4
Il15 3.7 ± 0.5
Il5 4.4 ± 0.7
Il6 3.0 ± 0.4
Il7 2.9 ± 0.4
Lrp2 4.1 ± 0.6
Nos2 0.4 ± 0.1
Ptgs2 2.6 ± 0.4
Selp 0.5 ± 0.1
Tnf 4.5 ± 0.8
Nfatc4 3.4 ± 0.5
Table 1. Inflammatory gene profiling of astrocyte-like cells expressing human WT- FUS. mNPsc were 
differentiated into astrocyte cells for six days with or without doxycycline (Dox) and stimulated in the last 24 
hrs with 10 ng/ml IL1β to assess the effect of FUS overexpression on astrocyte reactivity. The TaqMan Array 96-
well Mouse Immune Response Plate from Applied Biosystems was used to determine the expression of 92 genes 
from immune system functions (the complete list is reported at the manufacturer website). Gene expression 
levels were normalized for four different genes included in the TaqMan Array, and reported as the fold change 
respect to the levels in cells that were differentiated in the absence of doxycycline and stimulated with IL1β. 
Values are mean ± SEM (number of independent experiments n = 3). Each sample of each experiment was 
obtained by collecting RNA form three parallel cultures. Only genes showing significant regulation, as analysed 
by unpaired Student’s t-test at P < 0.05 are shown.
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number, respectively). Notably, some of the cells immunopositive for βIII tubulin, displaying severely impaired 
morphology, were also stained for Caspase-3 (Fig. 4C), suggesting that apoptotic cell death can account for neu-
ronal reduction in CM + Dox + IL1β treated cultures. However, few non-neuronal cells were also Caspase-3 
positive, suggesting that toxicity is not limited to neuronal cells but might also affect progenitors and/or other 
differentiated cells present in the culture.
Cultures treated with CMs from RFP cell line-derived astrocytes exposed to Dox and IL1β showed a percent-
age of neuronal positive cells (29.5 ± 2.3%) comparable to cultures treated with CMs from FUS-WT-derived 
astrocytes that had not been exposed to Dox, further confirming that, at least at the dose used, doxycycline does 
not interfere with astrocyte properties.
Overall, these data suggest that astrocytes overexpressing WT-FUS acquire a cytotoxic functional phenotype 
when exposed to a typical pro-inflammatory stimulus.
CMs from mouse astrocytes overexpressing WT-FUS increase the expression of pro-inflammatory 
markers in microglia. Reactive gliosis in the areas of motor neuron loss and inclusion pathology, in humans 
and in animal models, implicates cross-talk between astrocytes and microglia and their potential involvement in 
ALS progression and/or spreading. Therefore, we studied the effect of WT-FUS overexpression in astrocytes in 
relation to their cross-talk with microglia.
Primary microglial cultures were treated with CMs obtained from mNPsc-derived astrocytes, grown with or 
without Dox and then stimulated with IL1β for 24 hrs (CM + Dox + IL1β and CM − Dox + IL1β, respectively). By 
RT-PCR analysis, we found that the expression of the pro-inflammatory genes IL6, iNOS, and TNFα were higher 
in CM + Dox + IL1β treated microglia compared with either unstimulated cultures or cultures exposed to CMs 
from −Dox + IL1β astrocytes (Fig. 5A).
In accordance with gene expression data, we found that nitrites and IL6 released from microglia treated with 
CM + Dox + IL1β were significantly higher as compared to CM − Dox + IL1β treated cultures (Fig. 5B,C).
As described above, nitrite levels in astrocyte CMs were below the detection limit of the assay in all conditions; 
we can thus conclude that the levels measured in microglial media were produced by microglia itself.
As for IL-6, the Elisa kit used for detection of the cytokine in the culture media of rat microglia was spe-
cific for rat, and it is expected not to cross-react with IL6 from mouse astrocytes. In addition, the levels of the 
Figure 3. Expression of selected inflammatory genes in human NP-derived astrocytes. hNPsc were 
differentiated for six days with BMP-4, in the presence or in the absence of doxycycline (Dox) and stimulated 
in the last 24 hrs with IL1β. (A) Example of cultures processed for immunofluorescence and stained with an 
antibody directed versus the FLAG sequence of human WT-FUS (red) as a control of the efficient induction of 
transgene expression; in blue are Hoechst-stained nuclei. Scale bar 30 μm. (B–D) IL6, PTGS2 and iNOS mRNA 
relative levels were determined by RT-PCR in cells overexpressing FUS (+Dox + IL1β) or with normal levels 
of FUS (−Dox + IL1β). Data are expressed as fold change in gene expression, normalized to an endogenous 
gene (β-actin), and relative to cells that were not stimulated with IL1β (−Dox − IL1β), taken as 1. Data are 
means ± SEM, n = 3, *P < 0.05.
7Scientific RepoRts |          (2019) 9:4572  | https://doi.org/10.1038/s41598-019-41040-4
www.nature.com/scientificreportswww.nature.com/scientificreports/
cytokine measured in mouse astrocyte CMs (see Fig. 2F) were far below the levels measured in rat microglial 
media (Fig. 5C). For these reasons, we can state that the levels shown in Fig. 5C are related, at least mostly, to IL6 
released by microglia.
Altogether, these data indicate that the overexpression of WT-FUS in mNPsc-derived astrocytes alters their 
cross-talk with microglia, upon IL1β-mediated activation, and determines the acquisition of a pro-inflammatory 
profile by microglia.
Previous studies have shown that prostanoid-mediated signaling controls microglial activation, and its inhi-
bition reduces motor neuron loss in mouse models of ALS49–51. In view of the upregulation of PTGS2 found in 
WT-FUS overexpressing astrocyte-like cells stimulated with IL1β, we addressed whether PTGS2-derived pros-
tanoids could be responsible for the enhanced reactivity of microglia exposed to their CMs. To this aim, we 
used the selective PTGS2 inhibitor, NS-398 at the concentration of 10 μM, to inhibit PTGS2 activity in WT-FUS 
overexpressing astrocytes. As expected, following NS-398 treatment, PGE2 levels accumulated in the CMs, as an 
index of PTGS2 activity, dropped under the detection limit of the EIA (Fig. 6A). Microglial cultures exposed to 
the CMs from NS-398 inhibited FUS-overexpressing astrocytes, produced levels of nitrite comparable to those of 
microglia exposed to CMs from not-inhibited astrocytes, indicating that microglia activation following exposure 
to CMs from FUS-overexpressing astrocytes was not dependent on increased prostanoids in their CMs (Fig. 6B).
Discussion
Glial contribution to MN degeneration is increasingly recognized in ALS-models and patients22,27,52; however, it 
is still not well established whether changes in WT-FUS levels due to mutations in the 3′UTR, as found in a subset 
of ALS patients, can affect glial properties and eventually sustain neuron degeneration. Although several studies 
indicate that high levels of wild-type FUS are toxic for MNs13–16, and MNn degeneration was demonstrated to be 
at least in part dependent on toxic gain of function in mouse models of ALS-FUS17,18, astrogliosis and microglio-
sis were also found in these same mice, as in SOD1 mice and ALS patients, suggesting that non-cell autonomous 
mechanisms can take place in FUS-mediated pathology, and contribute to disease progression. Our data clearly 
speak in favor of this possibility.
Here we showed that overexpression of WT-FUS in spinal cord astrocytes altered their reactivity to a 
pro-inflammatory stimulus, modified their cross-talk with microglia, and caused non-cell autonomous cell death.
FUS levels achieved in our cell model are comparable to those found in FUS-ALS mice overexpressing 
human WT-FUS16, supporting that our study can be informative of pathological mechanisms sustained by FUS 
overexpression.
Figure 4. Effects of conditioned media obtained from mouse NP-derived astrocyte-like cells on neuronal cell 
number and cell death. Non transgenic mNPsc were pre-differentiated for 10 days and then exposed for additional 
five days to CMs obtained from astrocyte-like cells (CM + Dox + IL1β or CM − Dox + IL1β). (A) Representative 
microphotographic fields showing neuronal cells stained with an anti-MAP2 antibody. Scale bar 30 μm. (B) 
Neuronal and activated Caspase-3 positive cell quantification. The percentage of MAP2 positive neuronal cells 
was reduced in cultures treated with CM + Dox + IL1β compared with CM − Dox + IL1β treated cultures; data are 
means ± SEM, n = 3, *P < 0.005 (paired Student’s T test). Immunocytochemical detection of activated Caspase-3 
showed that CM + Dox + IL1β increased cell death compared to CM − Dox + IL1β after three days of treatment. 
Quantification of Caspase-3 stained cells is given in the bar graph, and expressed with respect to CM − Dox + IL1β; 
data are means ± SEM, n = 3, *P < 0.0005. (C) Representative image showing cells immunostained for βIII tubulin 
(green) and Casp-3 (red). The arrowhead indicates a neuronal cell expressing activated Casp-3. Note also the 
presence of Casp-3 positive cells not expressing βIII tubulin (arrows). Scale bar 30 μm).
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Figure 5. Upregulation of pro-inflammatory genes in microglia exposed to the CMs from transgenic mNPsc-
derived astrocytes stimulated with IL1β. (A) RT-PCR analysis of the relative mRNA levels of iNOS, IL6 
and TNFα, in microglial cultures incubated for 24 hrs with the CMs of astrocyte-like cells, overexpressing 
FUS and stimulated with 10 ng/ml IL1β (CM + Dox + IL1β) or the CMs from non-overexpressing cells 
(CM − Dox + IL1β). Data, analyzed by the 2−ΔΔCt method using HPRT as the normalizing gene, are expressed 
as fold change vs unstimulated microglia, and are the means ± SEM, n = 4; *P < 0.05, **P < 0.005 for 
CM + Dox + IL1β vs CM − Dox + IL1β; paired Student’s T test. (B,C) Nitrite and IL6 levels accumulated after 
24 hrs in the medium of microglia treated with the CMs of astrocyte-like cells overexpressing or not FUS, 
and activated with IL1β as above (CM + Dox + IL1β and CM − Dox + IL1β). The CMs from FUS transgenic 
astrocytes induced higher release of both metabolites by microglia, consistently with the mRNA data. Data are 
the means ± SEM, n = 6; **P < 0.005.
9Scientific RepoRts |          (2019) 9:4572  | https://doi.org/10.1038/s41598-019-41040-4
www.nature.com/scientificreportswww.nature.com/scientificreports/
We found that in spinal cord NPs-derived astrocytes engineered to overexpress conditionally the wild-type 
sequence of the protein, FUS was mainly localized within nuclei, and only a very small fraction of the cells 
was faintly stained in the cytoplasm. Protein delocalization and intracytoplasmic inclusions have been found 
in FUS-associated ALS, either in neurons or glia4, and their formation was proposed as a mechanism driving 
neuronal degeneration. Our findings, in agreement with other studies showing that elevated WT-FUS remains 
predominantly in the nucleus11,18,43, demonstrate that deregulation of FUS expression in astrocytes, even in 
the absence of overt delocalization, can drive a relevant rearrangement of their inflammatory and neurotoxic 
properties.
The nuclear elevation of WT-FUS altered astrocyte reactivity, as revealed by the dysregulation of a panel 
of inflammatory genes in FUS overexpressing cells, compared to non-overexpressing astrocytes, in the pres-
ence of IL1β, used to mimic an inflammatory environment. In particular, the higher mRNA expression of 
pro-inflammatory cytokines (IL5-6-7-15, TFNα, CSF2), the inducible inflammatory enzyme PTGS2, adhesion 
molecules (FN1, ICAM), and the multi-ligand endocytic receptor LRP2, indicates the acquisition of a more 
reactive phenotype compared to non-overexpressing cells. On the other hand, the reduced expression of Ccr2, 
CxcL10, and iNOS, in activated FUS-overexpressing astrocytes (Table 1), may indicate an incomplete/dysregu-
lated acquisition of inflammatory functions in overexpressing astrocytes.
A variety of pro-inflammatory cytokines and growth factors, including IL-5 and IL-15, have previously been 
reported to be elevated in cerebrospinal fluid of patients with ALS53 and their abnormal expression has been asso-
ciated with ALS clinical status54. PTGS2, IL6, and TNFα were similarly found dysregulated in ALS mouse models 
and patients, further supporting the relevance of our findings.
Consistently with the enhanced mRNA expression of PTGS2 and IL6 in FUS overexpressing astrocytes, PGE2 
and IL6 protein levels were increased in their conditioned medium. TNFα, although increased at the mRNA 
level, was undetectable in the medium. In a recent study, analyzing the effects of the overexpression of FUSR521G 
mutation in primary astrocytes, Kia and colleagues43 found increased release of TNFα in the medium, and iden-
tified TNFα as a mediator of motor neuron toxicity. The lack of TNFα accumulation in the condition medium of 
the WT-FUS overexpressing astrocytes used in our study is likely reflecting different consequences of the overex-
pression of the mutated vs. the WT form of the protein. Alternatively, it could reflect a different maturational state 
between primary astrocytes used by43 and the astrocyte-like cells used in our study, or even regional differences 
in the areas of origin of these two astrocyte populations.
Our results extend previous observations and further establish that astrocytes with aberrant FUS expression 
can contribute to neuronal death upon activation with IL1β. Indeed, their conditioned medium led to a reduction 
in the percentage of neuronal cells, as evaluated by MAP2 and βIII tubulin stainings and an increase in activated 
Caspase-3 (Casp-3) stained cells. The identification of double labeled cells (Casp-3+/βIII tubulin+) indicates 
that at least part of the neuronal cells were dying through the activation of the apoptotic pathway. Several Casp-3 
positive cells were βIII tubulin negative, suggesting that cell death was also affecting other cell types in culture, 
such as neuronal progenitors and/or glial cells.
Among the multitude of factors into the CMs that could be responsible of cell toxicity, pro-inflammatory 
cytokines (e.g. IL6), found upregulated in FUS overexpressing astrocytes are potential good candidates, as sug-
gested by in vitro and in vivo models of different neuropathologies55,56. A possible dysregulation of the expression 
of neuroprotective factors could also contribute to the effect observed. The specific factors responsible for neuro-
toxicity were however not identified in the present study.
Figure 6. PTGS2 inhibition by NS-398 in transgenic astrocyte-like cells does not alter their capability to 
stimulate microglial activation. (A) mNPsc-derived astrocytes overexpressing FUS and treated for 24 hrs with 
10 ng/ml IL1β in the presence of the selective PTGS2 inhibitor NS-398 (10 μM), produced negligible amounts of 
PGE2, compared to non-inhibited cells, as assessed by EIA analysis. Data are means ± SEM, n = 3; *P < 0.05. (B) 
Nitrite levels in the medium of microglia exposed to CMs from FUS overexpressing cells treated with 10 ng/
ml IL1β in the presence of NS-398 (CM + Dox + IL1β + NS-398) were comparable to the levels induced by the 
CMs from non-inhibited astrocytes (CM + Dox + IL1β). Data are expressed as the fold increase versus nitrite 
levels produced by microglia exposed to CMs from non transgenic astrocytes (CM − Dox + IL1β), and are 
means ± SEM, n = 3.
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The striking functional and structural similarities between FUS and TAR DNA-binding protein-43 (TDP-43), 
which are both DNA/RNA binding proteins whose mutations have been linked to the pathogenesis of both ALS 
and frontotemporal dementia (FDT), suggest that abnormal functioning/expression of these two related proteins 
can be pivotal event in ALS and FTD8.
Interestingly, Tong and coworkers, previously showed that, similarly to what we observed with WT-FUS over-
expression, an increase in the expression of normal TDP-43 in astrocytes is sufficient to cause activation of astro-
cytes themselves and microglia, and non-cell-autonomous death of motor neurons57. In the same model, it was 
shown that motor neuron death likely involved deficiency in neuroprotective genes and induction of neurotoxic 
genes in astrocytes.
In addition, our data demonstrate that co-stimulatory molecules, such as CD38 and Icos, potently associated 
with T-cell activation and correlated with astrocyte ability to stimulate pro-inflammatory and immune regulatory 
patterns of cytokine production, were more upregulated in WT-FUS overexpressing astrocytes than in control 
cells. The co-stimulatory molecule CD80 was also induced in WT-FUS overexpressing cells, with an effect that 
just missed significance due to variability in the levels of induction among different cultures. Altogether, these 
observations suggest that WT-FUS overexpression may profoundly modify the cross talk of astrocytes with T-cells.
A global dysregulation of T-cell functions and immune changes have been related to an increased disease 
progression, decreased survival as well as production of pro-inflammatory effectors in experimental ALS and 
patients26,58. Interestingly, a recent transcriptomic analysis of motor cortex samples from sporadic ALS patients 
identified the upregulation of membrane protein-encoding genes involved in T-cell activation and proliferation 
(including ICOS and ICOS-L) in a subgroup of patients characterized by increased expression of genes involved 
in the inflammatory response59. From this perspective, the enhanced expression of costimulatory molecules found 
in FUS overexpressing astrocytes could be part of a pathogenic mechanism sustained by alterations of FUS levels.
The molecular mechanism underlying the enhanced expression of inflammatory and costimulatory genes 
in FUS overexpressing astrocytes requires further elucidations. However, our data indicate that the p65 subunit 
of NF-kB, a transcription factor crucially involved in the transcription of these genes and a master regulator of 
inflammation60, was more activated in murine FUS overexpressing astrocytes than in control cells. The similar 
upregulation of Nf-kB target genes in murine and human derived astrocytes overexpressing WT-FUS may suggest 
a common mechanism of NF-kB activation dependent on FUS in both cell types. Our results are consistent with 
previous data on the human embryonic kidney 293-cell line, in which FUS was shown to mediate transcription of 
NF-kB-dependent genes and to interact with p657,34. Similarly, in other tumor cell lines, the FUS-DDIT3 fusion 
oncogene was found to regulate NF-kB target genes61. FUS deregulation can thus elicit and/or contribute to the 
neuroinflammatory response in part by enhancing NF-kB activation, a mechanism also proposed for TDP-43 in 
ALS32. NF-kB and kinase signaling pathways were also found activated in familial and sporadic ALS astrocytes22.
A recent study revealed that the timing of astrocytic NF-kB activation drives a stage-specific neuroimmuno-
logical response in the SOD1 (G93A) ALS model: NF-kB activation promotes the expression of molecules that 
once released amplify microglial proliferation and protective functions in the presymptomatic phase of ALS, but 
also promotes detrimental microglial functions in the symptomatic phase62.
Besides astrocytes, microglial cells are increasingly recognized as crucial players in ALS pathology63, and 
microglial activation has been described in ALS patients and in animal models of ALS, including rodents carrying 
mutations of FUS16. As also suggested by the Ouali Alami et al. study62, the altered interaction of microglia with 
other immune cells26, and neurons themselves can profoundly affect the pathogenic process and its progression.
Notably, our study demonstrates that altered FUS expression in activated astrocytes alters their communi-
cation with microglia, as FUS-overexpressing astrocytes were able to induce activation of primary microglia 
more efficiently than control cells. Indeed, microglia exposed to astrocyte CMs upregulated the expression of 
typical pro-inflammatory mediators such as IL6, iNOS, and TNFα, suggesting a mechanism of amplification of 
the inflammatory response mediated by FUS, with the enhanced release of potentially harmful and neurotoxic 
molecules.
Pre-treatment of FUS overexpressing astrocytes with the selective PTGS2 inhibitor NS-398, did not halt 
the activation of microglia in response to astrocyte CMs, suggesting that under these conditions, other mole-
cules than prostanoids into the CMs were major players in modulating microglia activation. Among those, the 
pro-inflammatory cytokines IL6, IL5, IL7, IL15, found upregulated in FUS overexpressing astrocytes, are likely 
candidates as drivers of microglial activation by CMs, as well as other molecules possibly under astrocytic NF-kB 
transcriptional control.
Overall, our study adds further insights into the pathways modulated by FUS in glial cells and shows that 
elevated levels of the protein, mainly in the nucleus, can shape astrocyte properties, steering them toward a func-
tional phenotype that can affect neuronal survival and promote microglial activation, thus triggering a possible 
amplifying neurotoxic loop. As several mutations affecting FUS coding sequence cause protein delocalization 
with formation of intracytoplasmic inclusions and reduction in FUS nuclear levels, both gain of function in the 
cytoplasm and loss of function in the nucleus, have been proposed to participate into the sequential cascade cul-
minating into pathology64.
Studies from mouse models of FUS pathology, describing neurodegeneration in the absence of cytoplas-
mic pathology or significant mislocalization of FUS, strongly suggest that also nuclear gain of toxic function by 
mutant FUS may represent an important pathological mechanism65–67.
In the same line, our data show that retention/accumulation of aberrant levels of FUS into the nucleus can 
profoundly impair glial functions, likely by interfering with normal alternative splicing and/or transcription of 
target genes. A better understanding of the complex mechanisms underlying the control of glial functions and 
cross-talk with other cell types by FUS will contribute to identify common or unique cellular pathways involved 
in MN degeneration in different forms of ALS.
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Material and Methods
Cell cultures. Expansion and differentiation of mouse and human neural progenitor cells. Mouse neural pro-
genitor cells were previously derived from the spinal cord (mNPsc) of male and female CD1 mice at embryonic 
day E13.5, and grown as described in68–71.
Briefly, mNPsc were grown on 10 μg/ml poly-L-ornithine and 2,5 μg/ml laminin coated flasks in expansion 
medium constituted by DMEM/F12 (Gibco), supplemented with penicillin/streptomycin at 1:100 dilution (P/S; 
Sigma, Catalog # P4333, formulated as 100X concentration to contain 10,000 units penicillin and 10 mg strep-
tomycin/mL), 1:100 of 100x Glutamax (Gibco, Catalog # 35050061), 1:100 of N2 Supplement (Gibco, Catalog # 
17502001, provided as a 100X chemically defined formulation), 10 ng/ml basic fibroblast growth factor (bFGF; 
Peprotech) and 20 ng/ml epidermal growth factor (EGF; Peprotech).
mNPsc were differentiated into neurons by a previously established protocol. Under this culture condition, 
around 55% of the cells expressed markers and displayed morphology of neuronal cells39,72. Cells were plated at the 
density of 2 × 104 cells/cm2 and 24 hrs later expansion medium was replaced with neuronal differentiation medium 
containing DMEM/F12, 1:100 of 100x P/S, 1:100 of 100x Glutamax, 10 ng/ml bFGF, 1:100 of 100x N2S, 1:50 of 
50X B27 (Gibco, Catalog # 17504, provided as a 50X serum-free supplement) and 1 μM N-[(3,5-difluorophenyl)
acetyl]-lalanyl-2-phenyl]glycine-1,1-dimethylethyl ester (DAPT; Tocris). The whole medium was replaced once 
during the first 6 days of differentiation. Then cells were differentiated for additional 4 days in fresh medium 
withdrawn of growth factors and additioned with 20 ng/ml brain derived neurotrophic factor (BDNF; Peprotech).
mNPsc were differentiated into astrocyte-like cells by replacing expansion medium with astrocyte differentia-
tion medium constituted by DMEM/F12 containing 1:100 of 100x N2S, 1:50 of 50x B27, 1:100 of 100x Glutamax, 
1:100 of 100x P/S, and 25 ng/ml mouse bone morphogenetic protein-4 (BMP-4; Peprotech). The whole medium 
was changed every 3 days with fresh medium. Under these culture conditions, more than 90% of the cells 
expressed the glial marker GFAP, and neuronal cells were virtually absent (see also36,39).
The human neural progenitor cell line was derived from the spinal cord (hNPsc) of a 9 week post-conception 
fetus. Fetuses were obtained from Lund and Malmö University Hospitals, according to guidelines approved by the 
Lund/Malmö Ethical Committee. Informed consent for donation of foetal tissue was obtained from the mother.
Specifically, the human line was derived from P0 neurospheres. hNPsc were expanded according to a previ-
ously established protocol73. Cells were plated on 0.1 μg/ml poly-L-ornithine and 10 μg/ml laminin coated flasks, 
and grown in human expansion medium constituted by DMEM/F12 supplemented with 1:50 of 50x B27 minus 
vitamin A (Gibco), 1:100 of 100x P/S, 1:100 of 100x Glutamax, 10 ng/ml bFGF (R&D) and 10 ng/ml EGF (R&D).
For hNPsc differentiation, cells were plated at the density of 1 × 104 cells/cm2 in human expansion medium, 
and 24 hours later switched in a medium containing 1:100 of 100X N2S, 1:50 of 50x B27 (Gibco), 1:100 of 100x 
P/S, 1:100 of 100x Glutamax and supplemented with 20 ng/ml human recombinant BDNF, or 25 ng/ml human 
recombinant BMP-4 (Peprotech).
Generation of stably engineered cell lines. For the generation of stable mNPsc lines overexpressing wild-type FUS 
or the red fluorescent protein (RFP), cells were engineered with the appropriated plasmids, which allowed for the 
doxycycline inducible expression of the genes of interest41.
Plasmids were delivered into the cells by electroporation (Nucleofector; Lonza), according to manufacturer’s 
instruction (see also39,69 for further details) and selected with puromycin (1 μg/ml).
mNPsc-RFP cells were used to determine the effective dose of doxycycline to induce transgene expression. 
The dose of 50 ng/ml was chosen as the lowest, among the tested doses, able to induce the transgene expression in 
a very consistent number of cells (about 80–85%), without affecting cell survival, proliferation and expression of 
selected inflammatory genes (data not shown).
Similar procedures and doses of antibiotics for cell selection and gene induction were used during the gener-
ation of stably transfected hNPsc lines.
Primary microglial cultures. Primary microglia was obtained from mixed glial cultures prepared from the cere-
bral cortex of 1-day-old male and female Wistar rats (RRID:RGD_13508588) from Charles River following pre-
viously published protocols74 and in accordance with the European Communities Council Directive N. 2010/63/
EU and the Italian Law Decree n° 26/2014 (authorization from Ministry of Health:152/2016-PR).
In brief, mixed cultures were maintained for 11 days in Basal Eagle’s Medium (BME, Gibco, Catalog # 41010), 
supplemented with 10% heat-inactivated foetal bovine serum (FBS, ultra-low endotoxin, South American Origin, 
EuroClone, Catalog # ECS0186L), 2 mM L-glutamine (Gibco, Catalog # 25030081, provided as a 200 mM stock 
solution) and 100 μg/ml gentamicin (basal medium). After this time, microglial cells were harvested by mild 
shaking, resuspended in basal medium, and seeded on uncoated plastic wells at the density of 1 × 105 cell/cm2. 
Cell viability was greater than 95%, as tested by Trypan Blue exclusion. Immunostaining revealed that cultures 
consisted of 96% positive cells for the microglia/macrophage marker CD68. After 24 hrs in culture, basal medium 
was replaced with the CMs from transgenic mNPsc, and the cells incubated for additional 24 hrs. The media were 
then collected and stored at −70 °C until subsequent analyses.
preparation of conditioned media and RNA. Transgenic mNPsc were maintained in astrocyte differenti-
ation medium for 6 days, in the presence or in the absence of 50 ng/ml of doxycycline. Cells were then washed three 
times with PBS and cultured for the last 24 hrs in a medium constituted by DMEM/F12, 1:100 of 100x P/S, 1:100 of 
100x Glutamax, 1:50 of 50x B27, 1:100 of 100x N2S and 10 ng/ml IL1β, without doxyclycline to avoid its potential 
confounding effects. CMs were collected, centrifuged at 1500 rpm for 5 min and stored at −20 °C. The cells were 
lysed in Trizol (Sigma-Aldrich) for total RNA extraction and subsequent gene expression analyses (see below).
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Thawed CMs were assessed for cytokines, nitrite, and prostaglandin E2 (PGE2) levels, and for their effects on 
neuronal or microglia cells, as described below.
NF-kB p65 activation assay. NF-kB activation was assessed in 6 days differentiated astrocyte-like cells (see 
above), stimulated, 45 min before being collected, with 10 ng/ml of IL1β in fresh medium.
Proteins were collected by using an extraction kit (Active Motif, Catalog # 40010), according to manufacturer’s 
instruction. The whole-cell lysates from mNPsc were concentrated by means of Amicon Ultra-0.5 centrifugal filter 
devices (Millipore) to achieve the recommended concentration of 20 μg of protein per well per sample (20 μl vol-
ume). The protein concentration was determined before and after concentration, by the BCA protein assay (Pierce).
NF-kB activation in whole-cell lysates was determined by the TransAM NFkB p65 kit (Active Motif, Catalog 
# 40096), following the manufacturer’s instructions. This 96 well ELISA-based kit provides colorimetric readout 
of NF-kB p65 subunit activation, quantified by spectrophotometry at the wavelength of 450 nm (reference wave-
length 655 nm). As a positive control for p65 activation, Jurkart nuclear extracts, provided with the kit, were used. 
Detection limit: <1 μg lysate/well.
Cytokines, pGe2 and No determination. Specific ELISAs for mTNFα, mIL6 (Thermo Scientific, Catalog 
# EMTNFA and # EM2IL6, respectively), rIL6 (PicoKine ELISA Kit, Boster Biological Technology, Catalog # 
EK0412), and high sensitivity enzyme immunoassay (EIA) for PGE2 (Assay Designs; Catalog # 931-001) were 
used to assay cytokines and PGE2 levels in CMs from transgenic mNPsc and microglia, following the manu-
facturer’s instructions. The ranges of determination are: 50–2450 pg/ml for mTNFα, 7.8–500 pg/ml for mIL6; 
62.5–4000 pg/ml for rIL6; 7.8–1000 pg/ml for PGE2.
The production of nitric oxide (NO) was determined by measuring the content of nitrite, one of the end prod-
ucts of NO oxidation in the media, as previously described75. All chemical for the NO assay were from Sigma.
Immunocytochemistry. Immunocytochemistry was performed on NPsc fixed with 4% paraformaldehyde 
(PFA) in PBS for 15 min at room temperature. After fixation, cultures were washed with PBS and then incubated 
in PBS containing 5% of the appropriate normal serum and 0.025% Triton X-100 (preincubation solution) for 1 h 
at room temperature.
Subsequently, cultures were incubated at 4 °C overnight in the preincubation solution containing the pri-
mary antibodies listed below. Cells were washed 3 times with PBS and incubated for 1 h at room temperature 
in the incubating solution containing 10 μg/mL Hoechst 33342 and the appropriate alexa fluor 488- and/or 
Cy3-conjugated (Jackson Immunoresearch) secondary antibodies at dilution 1:200. After rinsing with PBS, cells 
were coverslipped with DAKO mounting medium (Dako).
The following primary antibodies were used: rabbit polyclonal anti-FLAG (1:1000; Sigma, RRID:AB_439687); 
mouse monoclonal anti-FUS (1:1000; Santa Cruz, RRID:AB_2105208); mouse monoclonal anti-SOX-2 (1:50; 
R&D Systems, RRID:AB_358009); mouse monoclonal anti-nestin (1:200; Millipore, RRID:AB_11211837); mon-
oclonal anti-beta III tubulin (1:500; Promega, RRID:AB_430874); mouse monoclonal anti-S100b (1:100; Abcam, 
RRID:AB_1142710); rabbit polyclonal anti-MAP-2 (1:500; Millipore, RRID:AB_91939); rabbit polyclonal 
anti-Caspase 3 (1:20; Millipore, RRID:AB_91556); rabbit polyclonal anti-GFAP (1:200; Cell signaling Technology, 
RRID:AB_2631098); mouse monoclonal anti βIII tubulin (1:500; Promega, RRID:AB_430874). Validation data 
for the antibodies are available from the companies.
The percentages of immunopositive cells for differentiation or apoptotic markers (such as Caspase-3), in the 
different experimental conditions, were determined by counting immunolabeled cells in at least 10–15 micros-
copy randomly chosen fields of 3 different microscope slides for each condition, in at least 3 independent exper-
iments. The samples were large enough to minimize the statistical impact of rare outliers in each group. The 
investigator in charge of counting was blinded to experimental groups. Groups were identified by letters, and the 
code was disclosed at the end of the analyses.
Western blotting. Cells were lysed and harvested in RIPA buffer (320 mM Sucrose, 50 mM TRIS pH 7.5, 
1% Tryton, 10% glycerol and 1% of inhibitor of proteases cocktail (Sigma-Aldrich), incubated on ice for 30 min 
and centrifuged for 12 min at 13000 g. Protein amounts were quantified by Bradford assay (Bio-Rad) and 10 μg 
of proteins were subjected to SDS-polyacrylamide gel electrophoresis (4% and 10% for stacking and running 
gel, respectively) transferred overnight onto polyvinylidene fluoride membrane (Immobilion-PSQ, Millipore). 
Membranes were blocked in 5% non-fat dry milk and then incubated with the following primary antibodies: 
monoclonal anti-FUS (1:700, Santa Cruz) and anti-beta-Actin (1:10000, Sigma-Aldrich, RRID:AB_476744). 
Blots were washed twice, incubated with the appropriate horseradish peroxidase secondary antibodies for 2 hrs 
(1:10000, Jackson Immunoresearch), and after three additional washing steps, incubated in lumi-light enhanced 
chemiluminescence substrate (Bio-Rad) and exposed into Chemidoc (Bio-Rad). Densitometric analyses on 
scanned blots were performed using the ImageLab program (Bio-Rad). Row western blotting images are provided 
as supporting document.
Quantitative real-time polymerase chain reaction (Rt-pCR) analysis. Total RNA was extracted 
with the Trizol extraction procedure (Invitrogen, Carlsbad, CA); to remove any traces of genomic DNA, total 
RNA was treated with DNAse I (Ambion, Grand Island, NY). For each RNA sample, 1 μg total RNA was reverse 
transcribed with random hexamers (Promega) and MMLV reverse transcriptase (Promega)71.
For inflammatory gene expression in mNPsc-derived astrocytes, overexpressing or not WT-FUS in the pres-
ence of IL1β, we used the TaqMan Array 96-well Mouse Immune Response Plate (Catalog # 4414079). Gene 
expression was performed by using TaqMan Universal Master mix II (Applied Biosystem) on a 7500 RT-PCR 
(Applied Biosystems). The values obtained were normalized for the four different genes (18S, Gapdh, Gusb, 
Hprt1) included in the TaqMan Array plate and expressed as fold change over non-overexpressing cells.
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For RT-PCR analyses of selected genes in mNPsc- and hNPsc-derived astrocytes and in rat microglia, we used 
the following primer pairs:
Primer sequences (mouse):
mβ–actin: For GCGCAAGTACTCTGTGGA Rev AAGGGTGTAAACGCAGCT
mGFAP: For CGAAGAAAACCGCATCACCAT Rev GGCCTTCTGACACGGATTTG
mS100β: For TGCCCTCATTGATGTCTTCCA Rev GAGAGAGCTCGTTGTTGATAA
mAquaporin 4: For GAGTCACCACGGTTCATGGA Rev CGTTTGGAATCACAGCTGGC
mNestin: For TGCCGAAGAGCTGGAGAG Rev CTCGCAGAGCCTCTAACTCG
mEtv5: For GGGAGAGACAAAAACCACCA Rev GCGCTAACCCTGAACACACT
mFGFR3: For CTTCAGTGTGCGTGTAAC Rev CGTTTGGAATCACAGCTGGC
mTNFα: For CATCTTCTCAAAATTCGAGTGACAA Rev TGGGAGTAGACAAGGTACAACCC
mIL6: For GAGGATACCACTCCCAACAGA Rev AAGTGCATCATCGTTGTTCATACA
miNOS: For TCTTCGGTGCAGTCTTTTCC Rev GTGCCAGAAGCTGGAACTCT
Primer sequences (human):
hβ–actin: Qiagen
hFUS: For GCTGCCATCACAAGCATAGC Rev CAGCCTGGATGACAGAGCAA
hIL6: For CTCAGCCCTGAGAAAGGAGA Rev TTTCAGCCATCTTTGGAAGG
hPTGS2: For CGCTCAGCCATACAGCAAAT Rev CCGGGTACAATCGCACTTAT
hiNOS: For ACAAGCCTACCCCTCCAGAT Rev TCCCGTCAGTTGGTAGGTTC
Primer sequences (rat):
rHPRT: For CTCATGGACTGATTATGGACAGGAC Rev GCAGGTCAGCAAAGAACTTATAGCC
rIL6: For TCCTACCCCAACTTCCAATGCTC Rev TTGGATGGTCTTGGTCCTTAGCC
rTNFα: For AAATGGGCTCCCTCTCATCAGTTC Rev TCTGCTTGGTGGTTTGCTACGAC
riNOS: For GCC ACC TCG GAT ATC TCT TG Rev TCT GGG TCC TCT GGT CAA AC
Annealing temperature was 60 °C for all the primer pairs listed. All samples were run in triplicate, and each 
well of PCR contained 20 μl as a final volume of reaction, including 2 μl of cDNA corresponding to 20 ng of total 
RNA, 0.75 μM of each primer and 10 μl of PCR master mix. Thermal cycling conditions were as follow: 1 cycle at 
95 °C for 10 min; 40 cycles 95 °C for 15 sec and 60 °C for 1 min.
Expression levels of genes of interest were compared between culture conditions using the Relative 
Quantification (ΔΔCt) Study of Applied Biosystems 7500 System SDS Software. HPRT or β-actin were used as 
internal control genes and amplification specificity was checked using a melting curve, following the manufac-
turer’s instructions.
statistical analysis. Data are expressed as mean ± SEM of at least three independent experiments (run in 
triplicates). Exact numbers (n) for all the experiments are provided in the figure legends.
The experimental design and the statistical analysis of the data in this study followed the methodology and 
the standards usually used in explorative in vitro studies. In the experimental models adopted, external sources 
of variability are controlled, and residual variability arises from random error of replicates, as also demonstrated 
by the low SEM. On these bases, we adopted two-sided Student’s t-test as the more powerful test to evidence 
possible differences between two groups. GraphPad Prism software was used. P values ≤ 0.05 were considered 
as significant.
References
 1. Ederle, H. & Dormann, D. TDP-43 and FUS en route from the nucleus to the cytoplasm. FEBS Lett 591, 1489–1507, https://doi.
org/10.1002/1873-3468.12646 (2017).
 2. Lagier-Tourenne, C. et al. Divergent roles of ALS-linked proteins FUS/TLS and TDP-43 intersect in processing long pre-mRNAs. 
Nat Neurosci 15, 1488–1497, https://doi.org/10.1038/nn.3230 (2012).
 3. Errichelli, L. et al. FUS affects circular RNA expression in murine embryonic stem cell-derived motor neurons. Nat Commun 8, 
14741, https://doi.org/10.1038/ncomms14741 (2017).
 4. Kwiatkowski, T. J. Jr. et al. Mutations in the FUS/TLS gene on chromosome 16 cause familial amyotrophic lateral sclerosis. Science 
323, 1205–1208, https://doi.org/10.1126/science.1166066 (2009).
 5. Renton, A. E., Chio, A. & Traynor, B. J. State of play in amyotrophic lateral sclerosis genetics. Nat Neurosci 17, 17–23, https://doi.
org/10.1038/nn.3584 (2014).
 6. Vance, C. et al. Mutations in FUS, an RNA processing protein, cause familial amyotrophic lateral sclerosis type 6. Science 323, 
1208–1211, https://doi.org/10.1126/science.1165942 (2009).
 7. Van Langenhove, T. et al. Genetic contribution of FUS to frontotemporal lobar degeneration. Neurology 74, 366–371, https://doi.
org/10.1212/WNL.0b013e3181ccc732 (2010).
 8. Mackenzie, I. R., Rademakers, R. & Neumann, M. TDP-43 and FUS in amyotrophic lateral sclerosis and frontotemporal dementia. 
Lancet Neurol 9, 995–1007, https://doi.org/10.1016/S1474-4422(10)70195-2 (2010).
 9. Conte, A. et al. P525L FUS mutation is consistently associated with a severe form of juvenile amyotrophic lateral sclerosis. 
Neuromuscul Disord 22, 73–75, https://doi.org/10.1016/j.nmd.2011.08.003 (2012).
 10. Sabatelli, M. et al. Mutations in the 3′ untranslated region of FUS causing FUS overexpression are associated with amyotrophic 
lateral sclerosis. Hum Mol Genet 22, 4748–4755, https://doi.org/10.1093/hmg/ddt328 (2013).
 11. Dini Modigliani, S., Morlando, M., Errichelli, L., Sabatelli, M. & Bozzoni, I. An ALS-associated mutation in the FUS 3′-UTR disrupts 
a microRNA-FUS regulatory circuitry. Nat Commun 5, 4335, https://doi.org/10.1038/ncomms5335 (2014).
 12. Ju, S. et al. A yeast model of FUS/TLS-dependent cytotoxicity. PLoS Biol 9, e1001052, https://doi.org/10.1371/journal.pbio.1001052 
(2011).
1 4Scientific RepoRts |          (2019) 9:4572  | https://doi.org/10.1038/s41598-019-41040-4
www.nature.com/scientificreportswww.nature.com/scientificreports/
 13. Chen, Y. et al. Expression of human FUS protein in Drosophila leads to progressive neurodegeneration. Protein Cell 2, 477–486, 
https://doi.org/10.1007/s13238-011-1065-7 (2011).
 14. Fushimi, K. et al. Expression of human FUS/TLS in yeast leads to protein aggregation and cytotoxicity, recapitulating key features of 
FUS proteinopathy. Protein Cell 2, 141–149, https://doi.org/10.1007/s13238-011-1014-5 (2011).
 15. Miguel, L. et al. Accumulation of insoluble forms of FUS protein correlates with toxicity in Drosophila. Neurobiol Aging 33, 1008 
e1001–1015, https://doi.org/10.1016/j.neurobiolaging.2011.10.008 (2012).
 16. Mitchell, J. C. et al. Overexpression of human wild-type FUS causes progressive motor neuron degeneration in an age- and dose-
dependent fashion. Acta Neuropathol 125, 273–288, https://doi.org/10.1007/s00401-012-1043-z (2013).
 17. Scekic-Zahirovic, J. et al. Toxic gain of function from mutant FUS protein is crucial to trigger cell autonomous motor neuron loss. 
EMBO J 35, 1077–1097, https://doi.org/10.15252/embj.201592559 (2016).
 18. Sharma, A. et al. ALS-associated mutant FUS induces selective motor neuron degeneration through toxic gain of function. Nat 
Commun 7, 10465, https://doi.org/10.1038/ncomms10465 (2016).
 19. Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C. & Gage, F. H. Mechanisms underlying inflammation in neurodegeneration. Cell 
140, 918–934, https://doi.org/10.1016/j.cell.2010.02.016 (2010).
 20. McGeer, P. L. & McGeer, E. G. Inflammatory processes in amyotrophic lateral sclerosis. Muscle Nerve 26, 459–470, https://doi.
org/10.1002/mus.10191 (2002).
 21. de Boer, A. S. et al. Genetic validation of a therapeutic target in a mouse model of ALS. Sci Transl Med 6, 248ra104, https://doi.
org/10.1126/scitranslmed.3009351 (2014).
 22. Haidet-Phillips, A. M. et al. Astrocytes from familial and sporadic ALS patients are toxic to motor neurons. Nat Biotechnol 29, 
824–828, https://doi.org/10.1038/nbt.1957 (2011).
 23. Chen, H. et al. Human-derived neural progenitors functionally replace astrocytes in adult mice. J Clin Invest 125, 1033–1042, https://
doi.org/10.1172/JCI69097 (2015).
 24. Papadeas, S. T., Kraig, S. E., O’Banion, C., Lepore, A. C. & Maragakis, N. J. Astrocytes carrying the superoxide dismutase 1 
(SOD1G93A) mutation induce wild-type motor neuron degeneration in vivo. Proc Natl Acad Sci USA 108, 17803–17808, https://doi.
org/10.1073/pnas.1103141108 (2011).
 25. Brites, D. & Vaz, A. R. Microglia centered pathogenesis in ALS: insights in cell interconnectivity. Front Cell Neurosci 8, 117, https://
doi.org/10.3389/fncel.2014.00117 (2014).
 26. Hooten, K. G., Beers, D. R., Zhao, W. & Appel, S. H. Protective and Toxic Neuroinflammation in Amyotrophic Lateral Sclerosis. 
Neurotherapeutics 12, 364–375, https://doi.org/10.1007/s13311-014-0329-3 (2015).
 27. Yamanaka, K. et al. Astrocytes as determinants of disease progression in inherited amyotrophic lateral sclerosis. Nat Neurosci 11, 
251–253, https://doi.org/10.1038/nn2047 (2008).
 28. Potenza, R. L. et al. Fingolimod: A Disease-Modifier Drug in a Mouse Model of Amyotrophic Lateral Sclerosis. Neurotherapeutics 
13, 918–927, https://doi.org/10.1007/s13311-016-0462-2 (2016).
 29. Philips, T. & Robberecht, W. Neuroinflammation in amyotrophic lateral sclerosis: role of glial activation in motor neuron disease. 
Lancet Neurol 10, 253–263, https://doi.org/10.1016/S1474-4422(11)70015-1 (2011).
 30. Frakes, A. E. et al. Microglia induce motor neuron death via the classical NF-kappaB pathway in amyotrophic lateral sclerosis. 
Neuron 81, 1009–1023, https://doi.org/10.1016/j.neuron.2014.01.013 (2014).
 31. Maruyama, H. et al. Mutations of optineurin in amyotrophic lateral sclerosis. Nature 465, 223–226, https://doi.org/10.1038/
nature08971 (2010).
 32. Swarup, V. et al. Deregulation of TDP-43 in amyotrophic lateral sclerosis triggers nuclear factor kappaB-mediated pathogenic 
pathways. J Exp Med 208, 2429–2447, https://doi.org/10.1084/jem.20111313 (2011).
 33. Amit, I. et al. Unbiased reconstruction of a mammalian transcriptional network mediating pathogen responses. Science 326, 
257–263, https://doi.org/10.1126/science.1179050 (2009).
 34. Uranishi, H. et al. Involvement of the pro-oncoprotein TLS (translocated in liposarcoma) in nuclear factor-kappa B p65-mediated 
transcription as a coactivator. J Biol Chem 276, 13395–13401, https://doi.org/10.1074/jbc.M011176200 (2001).
 35. Bonaguidi, M. A. et al. LIF and BMP signaling generate separate and discrete types of GFAP-expressing cells. Development 132, 
5503–5514, https://doi.org/10.1242/dev.02166 (2005).
 36. Gioia, U. et al. Mir-23a and mir-125b regulate neural stem/progenitor cell proliferation by targeting Musashi1. RNA Biol 11, 
1105–1112, https://doi.org/10.4161/rna.35508 (2014).
 37. Kleiderman, S. et al. Functional and phenotypic differences of pure populations of stem cell-derived astrocytes and neuronal 
precursor cells. Glia 64, 695–715, https://doi.org/10.1002/glia.22954 (2016).
 38. Panchision, D. M. et al. Sequential actions of BMP receptors control neural precursor cell production and fate. Genes Dev 15, 
2094–2110, https://doi.org/10.1101/gad.894701 (2001).
 39. Sinno, M. et al. The matrix metalloproteinase inhibitor marimastat promotes neural progenitor cell differentiation into neurons by 
gelatinase-independent TIMP-2-dependent mechanisms. Stem Cells Dev 22, 345–358, https://doi.org/10.1089/scd.2012.0299 
(2013).
 40. Cacci, E., Negri, R., Biagioni, S. & Lupo, G. Histone Methylation and microRNA-dependent Regulation of Epigenetic Activities in 
Neural Progenitor Self-Renewal and Differentiation. Curr Top Med Chem 17, 794–807 (2017).
 41. Morlando, M. et al. FUS stimulates microRNA biogenesis by facilitating co-transcriptional Drosha recruitment. EMBO J 31, 
4502–4510, https://doi.org/10.1038/emboj.2012.319 (2012).
 42. Minghetti, L. et al. Increased brain synthesis of prostaglandin E2 and F2-isoprostane in human and experimental transmissible 
spongiform encephalopathies. J Neuropathol Exp Neurol 59, 866–871 (2000).
 43. Kia, A., McAvoy, K., Krishnamurthy, K., Trotti, D. & Pasinelli, P. Astrocytes expressing ALS-linked mutant FUS induce motor 
neuron death through release of tumor necrosis factor-alpha. Glia, https://doi.org/10.1002/glia.23298 (2018).
 44. Korotkov, A. et al. Increased expression of matrix metalloproteinase 3 can be attenuated by inhibition of microRNA-155 in cultured 
human astrocytes. J Neuroinflammation 15, 211, https://doi.org/10.1186/s12974-018-1245-y (2018).
 45. Moynagh, P. N. The interleukin-1 signalling pathway in astrocytes: a key contributor to inflammation in the brain. J Anat 207, 
265–269, https://doi.org/10.1111/j.1469-7580.2005.00445.x (2005).
 46. Powell, E. M. & Geller, H. M. Dissection of astrocyte-mediated cues in neuronal guidance and process extension. Glia 26, 73–83 (1999).
 47. Tarassishin, L., Suh, H. S. & Lee, S. C. LPS and IL-1 differentially activate mouse and human astrocytes: role of CD14. Glia 62, 
999–1013, https://doi.org/10.1002/glia.22657 (2014).
 48. Onorati, M. et al. Preservation of positional identity in fetus-derived neural stem (NS) cells from different mouse central nervous 
system compartments. Cell Mol Life Sci 68, 1769–1783, https://doi.org/10.1007/s00018-010-0548-7 (2011).
 49. Drachman, D. B. & Rothstein, J. D. Inhibition of cyclooxygenase-2 protects motor neurons in an organotypic model of amyotrophic 
lateral sclerosis. Ann Neurol 48, 792–795 (2000).
 50. Levi, G., Minghetti, L. & Aloisi, F. Regulation of prostanoid synthesis in microglial cells and effects of prostaglandin E2 on microglial 
functions. Biochimie 80, 899–904 (1998).
 51. Pompl, P. N. et al. A therapeutic role for cyclooxygenase-2 inhibitors in a transgenic mouse model of amyotrophic lateral sclerosis. 
FASEB J 17, 725–727, https://doi.org/10.1096/fj.02-0876fje (2003).
 52. Kwon, I. et al. Poly-dipeptides encoded by the C9 or f72 repeats bind nucleoli, impede RNA biogenesis, and kill cells. Science 345, 
1139–1145, https://doi.org/10.1126/science.1254917 (2014).
1 5Scientific RepoRts |          (2019) 9:4572  | https://doi.org/10.1038/s41598-019-41040-4
www.nature.com/scientificreportswww.nature.com/scientificreports/
 53. Martinez, H. R. et al. Altered CSF cytokine network in amyotrophic lateral sclerosis patients: A pathway-based statistical analysis. 
Cytokine 90, 1–5, https://doi.org/10.1016/j.cyto.2016.09.022 (2017).
 54. Guo, J., Yang, X., Gao, L. & Zang, D. Evaluating the levels of CSF and serum factors in ALS. Brain Behav 7, e00637, https://doi.
org/10.1002/brb3.637 (2017).
 55. Liddelow, S. A. et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 481–487, https://doi.
org/10.1038/nature21029 (2017).
 56. Erta, M., Quintana, A. & Hidalgo, J. Interleukin-6, a major cytokine in the central nervous system. International journal of biological 
sciences 8, 1254–1266, https://doi.org/10.7150/ijbs.4679 (2012).
 57. Tong, J. et al. Expression of ALS-linked TDP-43 mutant in astrocytes causes non-cell-autonomous motor neuron death in rats. The 
EMBO journal 32, 1917–1926, https://doi.org/10.1038/emboj.2013.122 (2013).
 58. Gendelman, H. E. & Mosley, R. L. A Perspective on Roles Played by Innate and Adaptive Immunity in the Pathobiology of 
Neurodegenerative Disorders. J Neuroimmune Pharmacol 10, 645–650, https://doi.org/10.1007/s11481-015-9639-4 (2015).
 59. Morello, G., Spampinato, A. G. & Cavallaro, S. Neuroinflammation and ALS: Transcriptomic Insights into Molecular Disease 
Mechanisms and Therapeutic Targets. Mediators Inflamm 2017, 7070469, https://doi.org/10.1155/2017/7070469 (2017).
 60. Shih, R. H., Wang, C. Y. & Yang, C. M. NF-kappaB Signaling Pathways in Neurological Inflammation: A Mini Review. Front Mol 
Neurosci 8, 77, https://doi.org/10.3389/fnmol.2015.00077 (2015).
 61. Goransson, M. et al. The myxoid liposarcoma FUS-DDIT3 fusion oncoprotein deregulates NF-kappaB target genes by interaction 
with NFKBIZ. Oncogene 28, 270–278, https://doi.org/10.1038/onc.2008.378 (2009).
 62. Ouali Alami, N. et al. NF-kappaB activation in astrocytes drives a stage-specific beneficial neuroimmunological response in ALS. 
The EMBO journal 37, https://doi.org/10.15252/embj.201798697 (2018).
 63. Henkel, J. S., Beers, D. R., Zhao, W. & Appel, S. H. Microglia in ALS: the good, the bad, and the resting. J Neuroimmune Pharmacol 
4, 389–398, https://doi.org/10.1007/s11481-009-9171-5 (2009).
 64. Ishigaki, S. & Sobue, G. Importance of Functional Loss of FUS in FTLD/ALS. Frontiers in molecular biosciences 5, 44, https://doi.
org/10.3389/fmolb.2018.00044 (2018).
 65. An, H. et al. ALS-linked FUS mutations confer loss and gain of function in the nucleus by promoting excessive formation of 
dysfunctional paraspeckles. Acta neuropathologica communications 7, 7, https://doi.org/10.1186/s40478-019-0658-x (2019).
 66. Devoy, A. et al. Humanized mutant FUS drives progressive motor neuron degeneration without aggregation in ‘FUSDelta14’ 
knockin mice. Brain: a journal of neurology 140, 2797–2805, https://doi.org/10.1093/brain/awx248 (2017).
 67. Lopez-Erauskin, J. et al. ALS/FTD-Linked Mutation in FUS Suppresses Intra-axonal Protein Synthesis and Drives Disease Without 
Nuclear Loss-of-Function of FUS. Neuron 100, 816–830 e817, https://doi.org/10.1016/j.neuron.2018.09.044 (2018).
 68. Cacci, E., Ajmone-Cat, M. A., Anelli, T., Biagioni, S. & Minghetti, L. In vitro neuronal and glial differentiation from embryonic or 
adult neural precursor cells are differently affected by chronic or acute activation of microglia. Glia 56, 412–425, https://doi.
org/10.1002/glia.20616 (2008).
 69. Carucci, N. et al. Transcriptional response of Hoxb genes to retinoid signalling is regionally restricted along the neural tube 
rostrocaudal axis. R Soc Open Sci 4, 160913, https://doi.org/10.1098/rsos.160913 (2017).
 70. Soldati, C. et al. Restriction of neural precursor ability to respond to Nurr1 by early regional specification. PLoS One 7, e51798, 
https://doi.org/10.1371/journal.pone.0051798 (2012).
 71. Soldati, C. et al. RE1 silencing transcription factor/neuron-restrictive silencing factor regulates expansion of adult mouse subventricular 
zone-derived neural stem/progenitor cells in vitro. J Neurosci Res 93, 1203–1214, https://doi.org/10.1002/jnr.23572 (2015).
 72. Guadagno, N. A. et al. Neuroserpin polymers cause oxidative stress in a neuronal model of the dementia FENIB. Neurobiol Dis 103, 
32–44, https://doi.org/10.1016/j.nbd.2017.03.010 (2017).
 73. Tailor, J. et al. Stem cells expanded from the human embryonic hindbrain stably retain regional specification and high neurogenic 
potency. J Neurosci 33, 12407–12422, https://doi.org/10.1523/JNEUROSCI.0130-13.2013 (2013).
 74. De Simone, R. et al. Branched-chain amino acids influence the immune properties of microglial cells and their responsiveness to 
pro-inflammatory signals. Biochim Biophys Acta 1832, 650–659, https://doi.org/10.1016/j.bbadis.2013.02.001 (2013).
 75. Ajmone-Cat, M. A., Mancini, M., De Simone, R., Cilli, P. & Minghetti, L. Microglial polarization and plasticity: evidence from 
organotypic hippocampal slice cultures. Glia 61, 1698–1711, https://doi.org/10.1002/glia.22550 (2013).
Acknowledgements
This work was supported by funds from Istituto Italiano di Tecnologia (to SB), and Sapienza (to EC), Swedish 
Research Council, and Torsten and Ragnar Söderberg Foundations (to ZK). ERC-2013 (AdG 340172–
MUNCODD) and AriSLA full grant 2014 ‘ARCI’ (to IB).
Author Contributions
M.A.A.C., and E.C., conceived the study, supervised the experiments, analyzed and interpreted the data, and 
wrote the manuscript. A.O., C.T., E.S., acquired the data M.M., E.M., G.L., M.A.A.C., E.C. performed the 
experiments I.B., L.M., and S.B. participated in study conception; K.Z., L.M. and G.L. critically revised the 
manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41040-4.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
